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Among building services, the growth in air-conditioning system energy use is particularly significant (50% of building consumption and 20% of total consumption in the USA) 2 . The current world demand for flat glass is ~ 7 billion square meters with 7.1% annual increase 3 .
Therefore, to reduce the air-conditioning usage is of prime importance in energy saving.
Thermochromic materials are the most economical smart window materials. Optical properties of chromogenic materials will be changed due to some external stimulus, such as light irradiation, change in temperature, or an external electric field. Photochromic, thermochromic and electrochromic materials are the most common materials belonging to chromogenic materials. 4 For thermochromic materials, solar energy inflow is allowed as the temperature below the critical temperature Tc,. However, as the temperature exceeds Tc, the thermochromic materials will reduce the energy inflow effectively. 5 Vanadium dioxide (VO2) is an attractive thermochromic material, which has an excellent near-room temperature-responsive behavior at 341K (Tc), making itself a suitable candidate as smart applications material. 6 Intelligent hydrogels also belongs to chromogenic materials, which are sensitive to some external stimulus such as temperature. 7 They are applied in many areas, such as in thermally adjustable applications and temperature sensitive applications in medical technologies. 8
Objective and scope
This project aims to report hybrid thermochromic composite for solar energy control application and the structure is displayed in Figure 1 . In order to improve the thermochromic property of vanadium dioxide nanopowders, NIPAm/PVA hydrgel is applied to disperse the VO2 nanoparticles and form a transparent solar energy control composite between two pieces of glass, which could glaze solar energy more effectively. This sandwich structure sample could offer larger transmission contrast both in luminous and infrared range which could enhance overall solar modulation.
Literature review

Thermochromism
Thermochromism is the change of the optical properties for a material under some external temperature stimulus. As reaching the critical temperature, the thermochromic material can modulate light transparency in terms of changing from a transparent state at low temperature to a less transmitting state at high temperature. 9 Generally, there are two kinds of thermochromic materials. The first one is continuous thermochromic material, which demonstrates a gradual colour change within a range of temperatures. The other one is discontinuous thermochromic material. For discontinuous thermochromism, it involves a reversible or irreversible structure phase change at the transition temperature, governed by the thermodynamics of the system. 4 Thermochromism has big potential in technological applications, such as temperature sensors for safety in thermometers or warning signals.
Inorganic thermochromic material
Metal-insulator transition
Metal-insulator transitions (MIT) are transitions from a metal to an insulator with abrupt changes in electrical conductivity, and the magnitude of changing can be very large. These transitions can be achieved by particular ambient parameters, such as pressure and temperature, etc.
For an insulator, its highest occupied electronic state is within a band gap. As external stimuli provides a finite energy on the material to excite the electron from highest occupied electronic state to the lowest accessible state, the material starts to carry electrical current.
After electronic bands partially filled, the material starts to expose metallic behavior. 10
Vanadium dioxide (VO2)
Vanadium dioxide (VO2) is one of most promising "smart materials" which are sensitive to temperature due to the thermochromic mechanism. Vanadium dioxide has two polymorphs, the monoclinic and rutile (VO2 (M/R)) ( Figure 2 ). These two compounds will undergo a first order metal-to-insulator transition (MIT) at nearly 68°C as temperature increasing and this transformation is sharp and reversible. As temperature increasing, the structure transforms from monoclinic VO2 (M) (low temperature) to rutile VO2 (R) (high temperature) companied with a dramatic change in near-infrared optical properties. 11
Figure 2. Crystal structures of VO2 (M) (left) and VO2 (R) (right)
in resistivity happened, and the transparency changed a lot in the infrared region. 12 VO2 behaves like a semiconductor at low temperature region, which allows large amount of solar light to be absorbed or transmitted through. As temperature exceeds the transition temperature of it, VO2 will behave like metal, which will reflect the light at near-infrared region. Infrared region contains the nearly half heat energy carried by solar light.
Due to these characteristics, VO2 becomes a promising material for a wide variety of technological applications, such as field-effect devices (transistors, switches, sensors) and smart windows. 13 A typical VO2 thermochromic performance is shown by Figure 3 , and Table 1 summarize the best VO2 optical properties by experimental and simulation. Vanadium dioxide is the most intensively investigated solid-state thermochromic material, but according to table 1, it is still not ready for industrial or commercial application due to several problems. First of all, due to the high critical temperature, which is 68 C, is too high, it is difficult for VO2 to be applied in daily life, such as smart windows application. Second, the VO2's luminous transmittance, which is 50% or less, is too low for daily use. The third one is the modulation of the solar energy throughput between the VO2's two states is modest. 5 There are also some other problems such as cost, even though VO2 film has good effect on solar energy control, but the production cost is too high to be used in industrial applications, and at the same time, it is hard to be applied on large area. Vanadium dioxide nanoparticles are not thermodynamically stable when it is exposed to air for a long time or in high temperature environment.
For the first problem, Doping with other elements can modify the physical and chemical parameters of vanadium oxides, and different dopants may produce different doping effects.
The most widely investigated dopant is tungsten, with which the VO2's Tc can be brought to the room temperature region 22 , it can decrease the transition temperature at a range of 21
to 28°C per 1at%. 23 Another way to decrease the critical transition temperature is doping anions with respect to O 2-, such as F -and P 3-. 27, 28 According to the mechanism of substitution, the above two types of doping are effective.
Because of imbalance charge from dopants, extra electrons or holes are introduced into the crystal lattice. These electrons and holes combine with V 4+ and exist in the form of V 3+ and V 5+ . As a result, equilibrium charge carrier density is increased, which leads to a more rapid decrease of Tc. Many researchers have proven the doping effects of the above two types over the past several decades. As Tan, X. et al. reported, in atomic level, as tungsten doped, it will form an intrinsically symmetric tetragonal-like structure, driving the detwisting of the nearby asymmetric monoclinic VO2 lattice towards rutile phase. 22 For the second problem, multi-layer structure is adopted to improve the VO2 coating's luminous transmittance 29, 30 . And the VO2 film with improved solar energy modulation has been prepared 9, 31 , but it is not very effectively. Add new materials, which have novel effect in improving optical properties should be used. .
Both VO2 films and VO2 powders are two main potential products which can be used for smart windows. According to several studies such as UV-Vis-NIR test, VO2 films have higher optical contrasting and larger switching sharpness during the MIT comparing with VO2
powders. But except for the transition temperature, VO2 film still has other problems which restrict its immediate use in solar control area. Firstly, when VO2 film reaches considerable transition temperature, the luminous transmittance becomes low. Secondly, because of limited thermochromic reflectance modulation outside of the near infrared region, VO2 film has a low throughput in solar energy management.
These two problems can be solved by making VO2 nanopowders instead of thin film. Based on calculations, when nanoparticles dispersed in a dielectric host, they have advantages over what thin solid film can offer, both in luminous transmittance and solar energy transmittance modulation. 12, 32 Size effect of VO2 can affect the phase transition behavior: the smaller the VO2 particles, the wider hysteresis curve (loop) will be during the MIT, at the same time, the lower the transition temperature will be. Both benefit smart windows applications.
It can be easily incorporated into thin plastic thermochromic films and smart windows. At the same time VO2 nanopowders have a lower cost.
Composite materials are the materials which combine two or more materials with different physical or chemical properties together to achieve advanced properties. For example, SiO2/VO2 composites with a core/shell structure can be put into solution to prepare transparent, stable and flexible VO2-based composite films. VO2 powders are not very stable in dry air, for example, they may be reduced to V2O5 for long time storage or affecting by acid.
As a result, making VO2 powders into composite can expand their applications. 33 Figure 4 shows the process of making the SiO2/VO2 core shell composites and pigments. thermotropic materials, thermochromic materials and some chromogenic materials that combine thermotropic and thermochromic properties in one.
Thermotropic hydrogels
Thermotropic hydrogels have reversible transparency control of the optical properties in respect with temperature. Thermotropic hydrogels are transparent in a colorless state below the critical transition temperature. 34, 35 As the temperature increasing to and even higher than the critical transition temperature, transparent hydrogels will translate from the colorless state into a milky white reflective state.
The transition temperature of thermotropic hydrogels can be adjusted by modifying the concentration of polymers. 
Thermochromic hydrogels
Thermochromic hydrogels can change their color and transparency with a constant volume depending on temperature. There are several types of color changing methods.
Firstly, due to the light scattering effect, during the gel-sol-gel transition process 8, 36 , thermochromic materials can exhibit reversible color changes. 37 A lot of hydrogel matrixes, such as gelled poly(1-butene) solved tetra-chloroethylene and 3 wt% isotactic polypropylene dissolved benzene non-aqueous gel belong to this group. 38 gel process, but this thermochromic material cannot behave fully reversible. 37 Lastly, suitable pH-sensitive indicator dye was doped into some hydrogel matrix which has a reversible pH change from low temperature to high temperature. 
Chromogenic gel networks
Chromogenic gel network is a matrix for hybrid transparency and color control with temperature, during the thermochromic process they are changed from a colored state into a reflective colored state. Such gel networks can change both their color and transparency due to a temperature change at a constant volume. 40, 41 This kind of hydrogel is a mixture of a polyalkoxy derivative, aqueous LiCl-containing buffer solution, which is mixed with a suitable pH-sensitive indicator dye, for example, Bromothymol Blue. The transparency and color behavior of the pH-sensitive indicator dye doped gel networks is shown in Figure 7 .
As temperature increases, three color states of net gel can be shown in different temperature.
According to Figure 7 , the net gel is in green colorless state when the temperature is lower than 32⁰C. With temperature increasing, this gel system will change to yellow colorless state;
and with further temperature increase, the color becomes opaque yellow in a reflective state.
During the thermochromic process, the green to yellow transition is primarily caused by pH change due to temperature increase. The significant decrease in transparency is caused by phase separation process which is typical for such polyalkoxide/LiCl/water gel systems. 37 One point needs to be noticed is that overdosing of ionic species would cause disappearance of LCST. For example, when the molar ratio of NIPAm to sodium acrylate is smaller than 4, the thermal sensitivity disappears. 42 The PVA introduced constructed hydrophilic tunnel for water release, especially when the hydrogel dimension is large. This is because when bulk hydrogel is subject to external heat, the surface always become hydrophobic first and the water inside would be entrapped if no PVA is added. 43 The PVA and PNIPAm form semi-IPN structure and the presence of PVA would not influence the LCST too much.
Experimental Section
Chemicals used in this study were N-isopropylacrylamine (NIPAAm, ≥ 98%, Wako Pure Chemical Industries Ltd), N, N'-methylenebis(acrylamide) (≥ 99%, crosslinker, SigmaAldrich), polyvinyl alcohol (PVA, Mw = 61,000, Sigma-Aldrich) and N,N,N ' ,N ' -tetramethylethylenediamine (TEMED, accelerator, 99%, Sigma-Aldrich), ammonium peroxydisulfate (initiator, 98%, Alfa Aesar) and multipurpose sealant (Selleys All Clear). All were used as received without any further furification.
NIPAm is the monomer to be polymerized and imparts the thermosensitivity; PVA is the additive used to make the hydrophilic-hydrophobic transition complete; N,N'-methylenebis (acrylamide) is the crosslinker and overdose of it would make the hydrogel opaque; N,N,N',N''-Tetramethylethylenediamine is the catalyst which accelerates the polymerization at room temperature; ammonium persulfate is the initiator. The ratios can be changed to meet color requirement, for example, if the synthesized gel is opaque, reduce the concentration of monomer and proportionally other species would make it transparent.
Preparation of the sandwiched pure hydrogel structure and Hydrogel with VO2 nanoparticles sample
PNIPAm hydrogel was synthesized by in-situ polymerization of monomer in deionized (DI)
water. In this case, 
Optical properties tests
Cary 5000 UV-Vis-NIR Spectrometer was used to test the optical properties of all the samples.
Optical transmittance (%T) tests were run between 20°C and 80°C with variation of wavelengths ranging from 2500 nm to 250 nm for transmittance profiles for all the samples.
The calculation for integrated solar/luminous transmittance can be found in a previous publication. 20 Solar modulating ability (ΔTsol), luminous modulating ability (ΔTlum) and infrared modulating ability (ΔTIR) were calculated based on the recorded spectra using the following expression:
Results and Discussion
Thermochromic properties for pure hydrogel in different thickness
NIPAm/PVA hydrogel has a thermotropic feature, when there is a temperature change, the hydrogel exhibits absorption and desorption of its water content leading to a reversible change in its transparency. Compared with VO2 thin films, one similarity between them is the exhibition of first-order transition that controls its light transmittance. The optical performance was shown by Figure 10 . According to Figure 11 , two transmittance reductions happened at around 1430 nm and 1930 nm wavelength for both thick and thin samples, which is due to the absorption of water at these two wavelengths. 44 The absorption peak of water at around 1400nm is due to the O-H stretch in the water molecule, while at around 1900nm water has a unique peak due to a combination of O-H stretch and H-O-H bending. 45 At low temperature, more hydrogen bonds exist between water and PNIPAm polymer chains; 46 (Table 2) . However, it turns into milky white at 35 °C with dramatically diminished Tlum of 7.3% and only 0.6% at 60 °C ( Figure 11a , Table 2 ). The sharp decline of Tlum suggested that the LCST occurred at between 30 °C and 35 °C. The blocking effect around LCST was not only observed for luminance range but for infrared, which can be seen in Table 2 In order to enhance the luminance transmittance at temperatures above LCST, the thickness of hydrogel was reduced to 52 µm and the optical properties were shown in Figure 11c and 11d. The Tlum maintained at high level of higher than 50% even at 60 °C . Admittedly, the reduced thickness of hydrogels and consequently declined blocking abilities resulted in higher TIR, Tlum and Tsol (Table 3) at temperatures above LCST compared with 200 µm hydrogel, however, the combined high luminance transmittance of >60% and compromised solar modulating ability of >20% (Figure 11d ) at 40 °C are still higher than one of the best performing VO2 thin films (Tlum~54% and ΔTsol~12% at 90 °C ). Moreover, ΔTIR, ΔTlum and ΔTsol increased progressively with temperature as shown in Figure 11d , which is preferable to ensure a relatively stable indoor temperature. Meanwhile, the transmittance is still higher than 50% even at 60 °C that a good indoor luminance is provided. According to the discussion above, the potential of PNIPAm hydrogel thin film to be used in smart window application is related to the hydrogel's thickness. The thickness effect of "thin"
hydrogel was further studied within the thickness of less than 100 µm. As can be seen from Figure 12a , the water absorption intensity at both 1930 nm and 1430 nm increased when the thickness increases from 26 μm to 78 μm, and the temperature decreased from 40 °C to 20 °C which is similar to Figure 11 . As shown in Table 4 , the Tlum (20˚C) remained nearly unchanged for all 3 samples, while Tlum(40˚C) underwent a monotonous reduction from ~80% (26 µm) to less than 20% (78 µm). Although the hydrogel with 78 µm thickness showed impressive ΔTsol of nearly 50%, its low Tlum(40˚C) of less than 20% can be least satisfactory for ideal smart window. The compromise between Tlum at high temperature and ΔTsol also applied for hydrogel with thickness of 26 µm. The extremely low thickness was companied by almost unchanged luminance transmittance as well as poor solar modulating ability at temperatures above LCST. The averaged Tlum(40˚C) decreases with the thickness while ΔTlum, ΔTIR and ΔTsol increases with thickness ( Figure 12b ).
The hydrogel with thickness of 52 µm was picked to compare its thermochromic performance with that of the best reported VO2 samples to date. As highlighted in Table 4 , 52 µm hydrogel sample has much higher Tlum at 20 °C (87.9% v.s 63.7%) and slightly higher The actual outdoor test of hydrogels with various thicknesses was done in Singapore at atmospheric temperature of 35 °C in a sunny day. As shown in Figure 12 , except the hydrogel with thickness of 26 µm that was proved with poor solar modulating, all other thicker hydrogels would become translucent or totally opaque within one minute outdoors and recover its transparency within one minute indoors. The outdoor translucency of hydrogels with thicknesses of 78 µm and 200 µm is too poor for windows, while the thickness of 52 µm shows acceptable outdoor transparency at high temperature. Importantly, the good performance can be maintained in the durability test as shown in Figure 13 , with consistent Tlum at both high and low temperature and relatively unchanged ΔTsol after 20 cycles of measurement, indicating that the performance stability should be reliable in actual smart window application as long as good sealing to prevent water evaporation is achieved. Considering the hydrogel's more suitable and easily tunable transition temperature, the temperature responsive hydrogels surpassed the best reported VO2 films and should be one of the best candidates for thermochromic smart window application. 
UV-Vis-NIR spectra for hydrogel/ VO2 nanoparticles composite
According to the discussion above, pure hydrogel thin film can provide a high solar modulation ability ~20.4%, in order to get even higher ΔTsol, VO2 nanoparticles were added into hydrogel. At room temperature, pure PNIPAm hydrogel was colorless transparent (Fig. 15a ) while VO2/hydrogel hybrid was brownish transparent due to the presence of VO2 nanoparticles (Fig. 15b ) and started to appear translucent when temperature increased above LCST at 35 °C. The TEM images at different magnification (Fig. 15d, e) show that the milled nanoparticles are irregular and non-spherical which are well dispersed within matrix.
Agglomeration is sparsely observed and the particle size ranges approximately from 20 to 100 nm. Both the storage and loss modulus of hybrid are lower than those of pure hydrogel (Fig. 15f) , indicating that the effective crosslinking density is reduced in the hybrid. The role of VO2 nanoparticle in reducing crosslinking density can also be proven in swelling ratio tests that pure PNIPAm hydrogel has an equilibrium swelling ratio of 6.12 g/g while VO2/hydrogel hybrid assumes a larger swelling ratio of 13.58 g/g. However, the storage modulus of hybrid hydrogel is still higher than loss modulus over the observed frequency (Fig. 15g inset) and it proves that the hydrogel matrix does not affect the VO2 nanoparticle phase transition at 68°C.
For VO2/hydrogel hybrid, two transmittance reductions happened at ~1430 nm and 1930 nm wavelength (Fig. 3a) , which are typical absorption peaks of water at these two wavelengths. The 1400 nm peak is due to the O-H stretch in the water molecule, while 1900 nm peak is a combination of O-H stretch and H-O-H bending. At low temperature, more hydrogen bonds exist between water and crosslinked chains; these hydrogen bonds are gradually broken with increasing temperature, which indicates a continuous phase separation. 49 When the thickness of hydrogel is higher than 52 µm , the luminous transmittance was too low to apply on smart windows applications, so three different thickness of hybrid was selected (13 µm , 26 µm and 52 µm ). According to Figure 14 and nanoparticle composite achieved an unprecedented largest solar modulation with the compromised Tlum at high temperature, which is of great significance in the energy saving.
According to the discussion above, hydrogel can act as a suitable smart matrix for VO2. The UV-Vis spectra for pure hydrogel, VO2 nanoparticles and hydrogel/VO2 nanoparticles hybrid are shown in Figure 15 . Tlum as shown in Table 6 . The composite with thickness of 52 µm was picked to compare its thermochromic performance with that of the best reported VO2 samples and pure hydrgel to date. As highlighted in Table 6 (Fig. 16) , the large transmission difference in the visible range of the hybrid (light cyan) gives rise to largely enhanced ΔTsol. It is of interest to observe that the two water absorption peaks at ~ 1430 and 1930 nm wavelength is coincident with two valley of the solar spectral irradiance (Fig. 16 ), which indicated that the water absorption gives the negligible effects on the Tsol and ΔTsol. The dramatically enhanced ΔTsol (34.7% vs. 22.3%)
arises from large ΔTlum mainly contributed by hydrogel and the large ΔTIR by VO2. This gives ~ 56% enhancement in ΔTsol compared with best reported VO2.
Most researchers focused on nanothermochromic VO2 50 as it gave the best performance compared with other approaches (Table 1) and it predicted that the highest possible ΔTsol is ~ 20% with ~ 48% Tlum. However, none of the matrix used are solar modulating and it is the first time that thermal responsive hydrogel matrix was adopted and such hybrid overcomes the physical limitation of nanothermochromism as shown in the simulation. Ultra large ΔTsol contributed from both ΔTlum and ΔTIR could be achieved while high Tlum could be maintained. This opens a new avenue for the hybrid nanothermochromic materials.
Conclusion and Recommendation
Conclusion
The hybrid of temperature responsive hydrogel delegated by the PNIPAm and VO2
nanoparticles was investigated as potential novel alternative thermochromic composite for smart window application. For pure hydrogel with properly tuned thickness, hydrogel can be totally transparent at room temperature with high Tlum of 87.9% and translucent at 40 °C, with acceptable Tlum of 59.9%. Also, it can provide both high modulation in visible range and moderate modulation ability in IR range, which lead to a largely overall enhanced ΔTsol (20- 40 °C) of 20.4% or 25.5% for ΔTsol (20- nanoparticles, an unprecedented ΔTsol (20-80 °C) of 34.5% can be achieved, which is more than doubled of the best reported VO2 thermochromic film ΔTsol (20-90 °C) ~ 22.3%. At the same time, the average Tlum of the hybrid is also much higher than the best report VO2 thermochromic film (62.6% v.s 42.8%). The outperforming temperature responsive hydrogel and VO2 hybrid would pave the road to the development of thermochromic smart windows.
Recommendation
Tungsten can be introduced into VO2 nanoparticles as a dopant to decrease the critical temperature. The ultimate aim of this project is to commercialize this technology towards smart windows, which should exhibit a fully reversible phase transition around room temperature. This property will be governed by VO2 nanoparticles in the hybrid structure.
According to literature, W is the most effective dopant in reducing phase transition temperature of VO2 to our best knowledge. [51] [52] [53] [54] [55] [56] Hence, W would be selected to be the potential dopant in the near future.
The combination of hydrogel and VO2 nanoparticles produced an unprecedented solar modulating ability, which is much higher than both of pure hydrogel and pure VO2
nanoparticles. So the mechanism of the interaction between hydrogel and VO2 nanoparticles should be further studied.
